Determining the complete molecular composition of petroleum and its refined products is not feasible with current Further, how could this information be managed, organized, and formulated into a model simulating the reactions of so many components? Accordingly, models developed for complex reacting systems have used a technique called lumping (1,2) to simplify the representation of composition and chemistry.
Many chemical reaction systems found in industry and nature are complex in terms of the large number of molecular components and chemical reactions. Examples include petroleum refining, biologic systems, and combustion processes. The number of components can exceed 104 and the number of chemical reactions can be an order of magnitude greater. Developing models of such large reacting systems is difficult because of the scale and the lack of fundamental information. Analytical techniques cannot identify and measure all the individual molecular components when so many are present a mixture. It is also impractical to study the mechanisms and kinetics of all possible chemical reactions.
Further, how could this information be managed, organized, and formulated into a model simulating the reactions of so many components? Accordingly, models developed for complex reacting systems have used a technique called lumping (1, 2) to simplify the representation of composition and chemistry.
Lumping partitions the entire molecular population into a small number of lumps (approximately 10) determined by the limitations in measuring mixture composition, the similar chemistry and physical properties of molecular components within a lump, and the model's intended purpose. This approach reduces complexity and eliminates the need for a detailed molecular characterization, albeit at the expense of its usefulness. Using petroleum refining as an example, the model shown in Figure 1 was developed in the 1970s to predict gasoline yield for the fluid catalytic cracking process that converts heavy gas oil containing highmolecular-weight hydrocarbons to the lower molecular weight components of gasoline. It represents the complex composition of gas oil as eight lumps based on the crude analytical capabilities of that time-broad molecular categories and boiling range. Although this model can predict gasoline yield from these lumps, it is not structured to predict gasoline composition or the impact of composition on the required quality specifications. In addition, the gasoline yield is not reliably predicted because the lumping scheme cannot represent other important variations in gas oil composition and because the process chemistry is inadequately represented.
Models developed for refining processes must have the capability of predicting not just accurate product yields but also the product's molecular composition, the boiling point distribution, certain mixture physical properties and quality specifications that depend on composition, and the plant's operating conditions. A molecular approach, if possible, could satisfy these requirements by incorporating more detailed petroleum characterization, process chemistry, and molecular property correlations. Recently developed analytical methods are capable of probing some aspects of petroleum's molecular structure and composition, and there is an extensive, but not complete, knowledge base of the chemistry of refining processes from laboratory studies of selected hydrocarbons. A recently developed approach called structure-oriented lumping (SOL) attempts to model the complex composition and chemistry of petroleum mixtures at the molecular level (3). This paper reviews the concepts of SOL and the strategy for developing molecularbased models of reaction systems where the number of molecular components is very large and their molecular structure cannot be completely determined.
Organizing the Composition of Petroleum
The basic concept of the SOL approach is that any hydrocarbon molecule can be constructed from a set of different structural features or increments. A structural increment is a specific combination or configuration of C, H, S, N, and 0 atoms, often occurring in different molecules. The set of 22 increments is shown in Figure 2 . The increments consist of three types of aromatic rings (A6, A4, A2), six types of naphthenic rings (N6-NI), a methylene -CH2-group (R), bridging between rings (A-A), hydrogen deficiency (H), heteroatom structures containing S, N, and 0, and the degree of branching (br) and ring Figure 4 . The br and me increments do not contribute to the molecule's stoichiometry but are used for a limited description of certain isomeric features: the number of branches on a paraffin or alkyl chain and the number of methyl substituents on rings, respectively. Again, the method as shown here does not assign specific locations for these branches or ring substitutions, only the total number for the molecule. For example, there are only 21 possible structure vector representations for all possible C43 paraffins, yet there are over a thousand-billion isomeric permutations. Not distinguishing structural isomers is a practical consequence of analytical limitations, but it also has other implications, as we will discuss.
A complex mixture in SOL is represented as a set of vectors with each vector corresponding to a molecule or an ensemble of structural isomers. The composition of the mixture is expressed as the weight or mole percent of each vector. It is helpful to visualize the mixture using the concepts of molecular class and homologous series. Some common molecular classes found in petroleum or refinery products are shown (without alkyl substituents) in Figure 5 . They are all described by the SOL method and have different combinations of structural increments. A homologous series is composed of molecules from the same molecular class, varying only in R, br, and me because of the presence of alkyl substituents. The number for R is the total number of carbons for a paraffin or olefin or on the alkyl substituents of a ring compound. The simplest example of a homologous series in petroleum is the normal paraffins (br = me = 0) extending from methane (R= 1) to over 60 carbon atoms. Other homologous series are more complicated in that br and me may vary with R to represent some average branching and substitution for the set of isomers at each carbon number of each molecular class. A complex petroleum mixture in SOL is thus composed of some 5000 to 10,000 vectors-one for each molecule or isomer ensemble-and organized into Environmental Health Perspectives * Vol 106, Supplement Figure 6 . For example, the aromatic saturation rule shown in Figure 6 determines The first approximation for estimating reaction rate parameters is to assume that all reactions in a class have the same kinetic parameters because they undergo the same intramolecular transformation. The number of parameters required for the entire network of reactions is reduced from 50,000
Environmental Health Perspectives * Vol 106, Supplement 6 * December 1998 to 20 to 40 unique rate constants and activation energies. This generally proves insufficient-within each reaction class the molecular structure of the reactant or product can influence the rate of reaction. Therefore, structure-activity relationships are required for each reaction class.
The structure-activity relationship in kinetics is not a new concept. It began with Hammet (6) , who organized families of reactions to study the influence of substituents on the rates of homogeneous reactions. The basic premise of the structure-activity relationship is that the rate constants for a family of molecules undergoing the same reaction can be correlated to a measurable or calculable molecular property. One form of this relationship is:
where ki is the rate constant for molecule i, a and b are constants to be determined experimentally, and RIi is defined as the reactivity index for molecule i. This equation can be derived from transition-state theory and is also known as a linear freeenergy relationship (LFER). The RIi is the calculable molecular property that correlates with the free energies of the transition states of the reactants. The correct choice of RI reflects the controlling mechanism of the reaction family, such as carbenium ion stability in cracking reactions, free radical stability in thermal reactions, or electronic properties of aromatic rings in hydrogenation reactions (7) . Structureadsorption relationships have also been developed for adsorption and poisoning on catalyst sites (8 One approach is to develop a new correlation for a molecular property using the molecular class and homologous series concepts as shown in Figure 9 for boiling point, specific gravity, and viscosity. The correlation relies on the property's smooth variation with carbon number for the homologous series of each molecular class. The only requirement is the availability of an extensive database on individual molecular properties. Fisher (9) capture the necessary details of mixture composition, chemistry, and properties. A molecular-based model of complex mixtures can be developed if the following criteria are satisfied. First, analytical techniques must provide some level of detail on the molecular composition and molecular structure of the mixture. Second, a method must be devised to represent and manipulate the molecular structure and chemistry of a large number of components. Third, sufficient data on molecular properties must be available to develop computational methods to estimate molecular properties. Finally, structureactivity relationships are required to estimate the kinetic parameters for a large number of reactions.
